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Abstract
21
We report on magnetic and transport properties of single crystals of the light rare earth containing series of compounds RColns (R =
23 Pr, Nd) and heavy rare earth containing series RCoGas (R = Tb—Tm). All the compounds crystallize in the tetragonal HoCoGas crystal
structure and are very good metals with small defect scattering at low temperatures. NdColns and members of the RCoGas series with
25 large de Gennes factors order antiferromagnetically.
© 2006 Published by Elsevier B.V.
27
Keywords: Crystal growth; Magnetic anisotropy
29
0. Introduction electronic and magnetic anisotropy are important para- 59
31 P o ‘
meters in this, it is of interest to study magnetic interactions
Magnetism and superconductivity are the two major in the parent HoCoGas crystal structure. In this paper we g1
33 R . . . S . .
cooperative phenomena in condensed matter physics and have outlined magnetic interactions of isostructural and
35 the relationship between them has been studied extensively  non-hybridizing local moment-bearing counterparts of g3
in recent years. Magnetic fluctuations present in many CeMIns and PuCoGas: the RColns (R = Pr,Nd) [19]
37 heavy fermion systems have been proposed to mediate and and the RCoGas (R =Tb—Tm) series. The successful g5
give rise to unconventional Cooper pairing [1,2]. A recently growth of high-quality single crystals of the light rare-
39 discovered family of 115 CeMIns and PuCoGas super- earth 115’s with In and heavy rare-earth 115’s with Ga has g7
conductors [3—6] with easily tunable ground states has allowed us to address the evolution of anisotropic magnetic
4l considerably advanced our knowledge of the interplay properties within the series with the change of rare earth as g9
between superconductivity and magnetism in heavy fer-  well as the occurrence and temperature dependence of
0 mion systems [7]. The magnetic interaction model may be metamagnetic transitions. 71
relevant for Cooper pairing in heavy fermion metallic
systems close to a magnetic instability [8,9]. Besides all 115 73
45 . . . . . .
systems, other examples of inter-metallics with competing 1. Experimental details
47 magnetic and superconducting order parameters include 75
CePt;Si [10], CeCu;,Si, [11] and a variety of pressure- Large single crystals were grown out of indium flux
49 induced superconductors that crystallize in ThCr,Si,  [20-22]. The crystals grew as plates with the c-axis 77
crystal structure, Celns [12], as well as several uranium-  perpendicular to the plate. The typical crystal size for
51 based materials including UGe, [13], URhGe [14], UBe; RColns was up to (10 x 10 x 1)mm? for R = Pr whereas 79
[15], UPd,Al; [16], UNi,Al;z [17] and UPt; [18]. Since the typical R = Nd plate surface area was 2-5 times
53 smaller. Crystals of RCoGas grew as thicker plates for all g
*Corresponding author. Tel.: + 1631344 5065; fax: + 1631 3442739. R = Tb-Tm. We were unable to grow the RCoGas phase
5 E-mail address: petrovic@bnl.gov (C. Petrovic). under the same synthesis conditions for R = Gd and Yb. g3
0304-8853/$ - see front matter © 2006 Published by Elsevier B.V. 85
57 doi:10.1016/j.jmmm.2006.04.023
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Attempts to grow Gd and Yb members of the series gave o Dy _Ho B Tm 122
GdIn; and YbCo,Gag phases. Powder X-ray patterns were 164 L ' ' ' ' '

taken at room temperature using Rigaku Miniflex with L

CuK,, radiation. The data were collected using 20 scan in 163k - o 1k
the range from 10-90°. Single crystals were thoroughly

ground to a fine powder. Le Bail unit cell refinements were 162 - /“ 1120
performed using Rietica software. Magnetization measure- —~ = —
ments were performed using a commercial Quantum “S‘>, 161 1119 '5>5
Design MPMS XL 7 magnetometer. Temperature sweeps —

were performed on warming, after zero-field cooling to 160 | - {118
1.7K and applying a field of 1kOe. The samples were ] O
manually aligned to measure the magnetization along the 199 1117
appropriate axis. Polycrystalline averages were calculated 158 L o

as y(T) = 2y(T) + %.(T)/3] and were used to obtain the P S 116
high-temperature effective moments. Temperature-depen- La Ce RarePIrEarth Nd

dent magnetic susceptibility M/H curves were fit to
Curie—Weiss (CW) law at high temperatures (100-350) K,
with and without a temperature independent Pauli (y,)
term: y(T) = yo + x (CW). The temperature-independent
term y, includes contributions of Pauli yp = U3 N(EF)
paramagnetic susceptibility (where N(Ey) represents the
electronic density of states at the Fermi level), core and
Landau diamagnetism. The CW term y(7) = C/(T — ©)
reflects the contribution of localized moments where C is
the Curie constant and © is the Weiss temperature. We
have found that for all investigated materials the Pauli
susceptibility was negligible except for TbCoGas. The
temperatures at which 9(y7)/0T and 0p/0T have maxima
are quoted as experimental values for the Neel temperature
[23,24]. The in-plane resistance was measured using a
Linear Research LR 700 AC bridge with a frequency of
16Hz in the (H,T) environment of Quantum Design
MPMS XL 7 (RColns) and in a home built resistance
apparatus using a DC current source and a displex closed
cycle cryostat down to 15K (RCoGas). Electrical contacts
were made with Epotek-H20E silver epoxy. DC current
polarity was alternated and 1 mA currents were used.
Excess In and Ga was removed from the surface of samples
by a combination of mechanical polishing and etching in
diluted HCI for several hours followed by thorough rinsing
in ethanol. No samples obtained through this process
showed signs of free indium contamination which would be
reflected by a resistance drop at the superconducting
temperature of indium (7¢ = 3.4K). There is uncertainty
in absolute resistivity values associated with the sample
geometry due to the uneven surfaces of etched samples. We
measured several samples for each concentration in order
to reduce measurement error. This also allowed us to
estimate uncertainties in absolute values. The dimensions
of the samples were measured by a high-precision optical
microscope Nikon SMZ-800 with 10um resolution and
average values are presented. Randomly chosen samples
within each batch had consistent R(T) curves.

Fig. 1. Lattice parameters of RColns (R = Pr, Nd) (e) and RCoGas (R =
Tm—Tb) (O) as a function of rare earth.

2. Crystal structure

The X-ray patterns were consistent with the tetragonal
HoCoGas structure (P4/mmm) [25]. All peaks were
indexed and no impurity phases were detected. The unit
cell volume for light rare-earth members of the RColns
series and for heavy members of the RCoGas series is
shown in Fig. 1. The individual lattice parameters are
shown in Table 1. We see a smooth evolution of the unit
cell volume and no deviation from the usual lanthanide
contraction.

3. RColns (R = Pr,Nd)

Magnetization measurements show that PrColns is a
CW paramagnet at high temperatures (Fig. 2). By fitting
the polycrystalline average of the inverse susceptibility
above 150K to the CW law we get an effective moment of
(3.4+0.1)ug per Pr’** and a Weiss temperature of
—21(1) K. Anisotropic Weiss temperatures are —43(1)K
for H parallel to ¢ and +19(1)K for H parallel to a-axis.
No magnetic ordering is observed for PrColns for
T>17K (Fig. 2 inset). Fig. 2 also shows the inverse
susceptibility of NdColns. Fitting the polycrystalline
average to the CW law gives an effective moment of (3.7 £
0.1)ug per Nd** and a Weiss temperature of
Opoly = —22(1) K. Anisotropic Weiss paramagnetic tem-
peratures are ©,= —35(2)K and ©®.=40.7(2) K. The
low-temperature magnetic susceptibility is anisotropic (Fig.
2 inset) and there are signatures of magnetic ordering at
8K in a field of 1 kOe. An external magnetic field of 70 kOe
shifts the peaks in magnetic susceptibility to 29K, as
expected for an antiferromagnetic transition. Magnetic
isotherms at 7' = 1.7K (Fig. 3) show that for PrColns the
magnetization is linear for field applied along both
crystalline axis, reaching only 0.65 up/Pr** at 70kOe for
H parallel to c-axis. However, for NdColns the magnetiza-
tion isotherm for H parallel to c-axis shows a metamag-
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Table 1
Structural and magnetic properties of RColns (R = Pr,Nd) and RCoGas (R = Tb—Tm) compounds
a (A) 4 (A) O, (K) 0, (K) Pesr (.UB) Oavc (K) /AN (K) oy (><102)
PrColns 4.5987(2) 7.5339(4) —43(1) +19(1) 3.4(1) =21(1) — —1.05
NdColns 4.5913(2) 7.5127(5) -35(2) +0.7(2) 3.7(1) =22(1) 8.0 —0.643
TbCoGas 4.2140(6) 6.8100(5) =71(1) —43(9) 9.9(2) —62(3) 36.0 —1.01
DyCoGas 4.2157(2) 6.7930(6) —60(2) +14(2) 10.3(1) —24(1) 25.0 —0.635
HoCoGas 4.1992(1) 6.7807(3) =27(1) +4(1) 10.0(6) —16(2) 9.5 —0.222
ErCoGas 4.1845(2) 6.7539(4) —1(7) —19(8) 9.1(1) —6(5) — +0.254
TmCoGas 4.1780(1) 6.7276(3) +9(1) =51(1) 7.4(1) —4(1) — +1.01
280 T T T T T T T T T T T T 1.4 T T T T T T T T T T T T T J
I __0.06 ml —
n T=1.7K o0
240 |3 ] 12} oo -
| £ 0.04 °
£ NdColn,
200 T 0.02 B 1.0+ B
B —0O— Hllcaxis
= L )
£ 160 i ;0.8— + H Il a axis i
2 = PrColn, p
k) = L e |
o) = o )
13 120 | S 06l ] H Il a axis ./. |
s —@®— Hllcaxis o -
T o
80 B 0.4 o -
o
L /./ +/+/+/:
40 . 02+ ; e - .
P
L ol T e E-mm—m—E—l
0 . P T T S T 0.0 - —a—n—8 ? P R T
0 50 100 150 200 250 300 350 0 10 20 30 40 50 60 70
T(K) H(kOe)

Fig. 2. Temperature-dependent inverse susceptibility H/M of PrColns
for Hla-axis ((0), H|c-axis (e) and polycrystalline average (line). The
inset shows anisotropic low-temperature magnetic susceptibility (M /H).

280 T T T T T T T T T T T T

240

200

160

120

H/M (mole/emu)

@
o

40

0 L Il " Il " Il " Il " Il " Il "
0 50 100 150 200 250 300 350

T(K)

Fig. 3. Temperature-dependent inverse susceptibility H/M of NdColns
for H|la axis (A), H|c-axis (¥) and polycrystalline average (dashed line).
The inset shows anisotropic low-temperature magnetic susceptibility
(M/H).

netic transition. The maximum magnetization measured
was 1.3 uy which is lower than the saturated moment of the
free Nd** ion. A full metamagnetic phase diagram may be

Fig. 4. Field-dependent magnetization for PrColns and NdColns.

obtained by measuring the angular dependence of magne-
tization in higher fields and by high-field neutron diffrac-
tion measurements.

The electrical resistivity data for RColns with R = Pr,
Nd are shown in Fig. 4. For both compounds the resistivity
decreases with decreasing temperature as expected for a
metal. For NdColn;s there is a distinct loss of spin disorder
scattering at the antiferromagnetic phase transition TN =
8 K (Fig. 4 inset). The very small residual resistivities for
PrColns (0.1 pQcm) and NdColns (0.22 uQ cm) indicate a
high level of crystalline order and very weak defect
scattering. The high-temperature resistivity is dominated
by spin disorder scattering and the resistivity values for
R = Nd are higher, as expected due to the larger de Gennes
factor. The metamagnetic transition around 45kOe in
NdColns manifests itself not only in the field dependent
magnetization but also through anomalies in the field
dependent magnetoresistance (Fig. 4 inset). The metamag-
netic transition in NdColns is seen at lower field (40 kOe)
in magnetoresistance than in magnetization (50kOe),
indicating possible sample misalignment and magnetic
anisotropy. Angular-dependent magnetization measure-
ments would be useful to clarify this issue.
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4. RCoGas (R = Th—Tm)

Both TbCoGas and DyCoGas order antiferromagneti-
cally (Fig. 5). Whereas TbCoGas shows very weak
anisotropy in its paramagnetic state and in its ordered
state, the magnetic properties of DyCoGas are strongly
anisotropic in its ordered state, with the local Dy**
moments constrained along the c-axis of the crystal. The
polycrystalline average of the inverse susceptibility gives
effective moments of 9.9(2) up/Tb*" and 10.3(1) u/Dy**
and @4 = —62(3)K and @4 = —24(1)K for TbCoGas
and DyCoGas, respectively. Fit to anisotropic Weiss
susceptibility gives Weiss paramagnet temperatures @,
and O, of —71(1) and —43(9)K for TbCoGas and —60(2)
and +14(2)K for DyCoGas. The anomalously large
temperature-independent term (usually dominated by Pauli
susceptibility in rare-earth intermetallics) for TbCoGas was
0.021(7) emu/mol. Since TbCoGas lies at the border of the
structure formation of RCoGas series, it is possible that
small crystal imperfections and/or vacancies influence band
structure and Fermi level position in such way so that it
contributes to larger Pauli paramagnetic term than in other
investigated compounds. Below 7Tn = 25K,DyCoGas
orders antiferromagnetically as determined by the max-
imum in 0(y7/0T). On the other hand, TbCoGas shows
two successive antiferromagnetic transitions at 7N = 36
and TN2 = 5K.

The magnetic behavior of HoCoGas, ErCoGas and
TmCoGas single crystals is shown in Fig. 6. The inverse
magnetic susceptibility H/M is CW-like at high tempera-
tures, yielding high-temperature effective moments of
10.0(6),9.1(1) and 7.4(1) ug and a polycrystalline average
Weiss temperatures @,,. of —16(2),—6(5) and —4(1)K,
respectively. A fit to an anisotropic Weiss susceptibility
gives Weiss paramagnet temperatures @, and 0. of —27(1)
and +4(1)K for HoCoGas, —1(7) and —19(8)K for

25 T T T 4 T T T
1.2
10 R=Nd
20| _08
o
<06
50.4
E 15 02
O
(] 0.0
2
<10+
5 NdColn,
J
00 10 20
0 & | 1 1 T (K)y
0 50 100 150 200 250 300

T(K)

Fig. 5. Resistivity of RColns (R = Pr, Nd). Insets show low-temperature
resistivity of NdColns and field-dependent magnetoresistance
Ap = p(H)/p(0).

45 T T T T T T J
40 b

35 -
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o
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3

-
)]
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o

10 ‘ -
5 4
O'00 40 T(K) 80
0 I 1 I 1 I 1 I 1 I I
0 50 100 150 200 250 300 350
T(K)

Fig. 6. Temperature-dependent inverse susceptibility H/M of TbCoGas
in an applied field of 1kOe for H|a-axis () and H|c-axis (H). Inset
shows low-temperature magnetic susceptibility M /H. Solid line shows
polycrystalline average.

45 T T T T T T T

40 b

35 -

30 -

M/H (emu/mole)

25

20

H/M (emu/mole)

15

10 g DyCoGa,

0 50 100 150 200 250 300 350
T(K)

Fig. 7. Temperature-dependent inverse susceptibility H/M of DyCoGas
in an applied field of 1 kOe for H||a-axis (o) and H]||c-axis (e). Inset shows
low-temperature magnetic susceptibility M /H. Dashed line shows
polycrystalline average.

ErCoGas and +9(1) and —51(1)K for TmCoGas. There
is no sign of magnetic order for ErCoGas and TmCoGas
for T = 2K. HoCoGas orders magnetically at Ty = 9.5K
(Fig. 7 inset).

The electrical resistivity data for RCoGas (R =
Tb—Tm) are shown in Fig. 8. In all cases, the resistivity
has a metallic temperature dependence, decreasing with
decreasing temperature. For the magnetically ordered rare
earths we observe a loss of spin disorder scattering at the
antiferromagnetic ordering temperatures and values of T'¢
estimated from 0p/0T are in good agreement with values
estimated from the (0y7/0T). All compounds have very
small residual resistivity values, and p(300K)/p(15K) ~ 10
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30 T T T T T T T T T T T T T 7
A

HoCoGa, Lo A

N
o
L4

-
o

H/M (mole/emu)
SIS 2 S S

20 T (K) 40
1 n 1 n

0 50 100 150 200 250 300 350
T(K)

Fig. 8. Temperature-dependent inverse susceptibility H/M of HoCoGas
in an applied field of 1kOe for H|a-axis (A) and H|c-axis (A). Inset
shows low-temperature magnetic susceptibility M /H. Dotted line shows
polycrystalline average.

for all measured samples, indicating small amounts of
defects and disorder scattering at low temperatures. The
resistivity values are generally larger for materials with a
larger de Gennes factor.

5. Discussion

We have presented the first data for the magnetic and
transport properties of the RColns (R =Pr,Nd) and
RCoGas (R = Tb—Tm) series. A large resistivity ratio
and small residual resistivity values confirm a high degree
of crystalline order.

The high-temperature magnetism of both series is local
moment-like in displaying CW behavior with effective
magnetic moments approach with free ion values. Table 1
shows summary of the magnetic properties. For H||a, the
CW temperatures 0O, are negative for all compounds
except TmCoGas. The c-axis CW temperatures O,
however, are positive for both Pr and Nd members of
RColns series as well as for Dy and Ho members of the
RCoGas series. While the interactions are predominantly
antiferromagnetic as indicated by the negative polycrystal-
line averaged CW temperatures, there is considerable spin
space anisotropy as anticipated for rare-earth ions with
strong spin-orbit coupling.

The magnetic interactions among localized rare-earth
magnetic moments in a metallic environment are generally
described within the framework of Rudermann—Kittel-K-
asuya—Yosida (RKKY) theory of indirect exchange via
conduction electrons. Not considering the sometimes
intricate effects of competing interactions, the magnetic
ordering temperature in the rare-earth series is correspond-
ingly approximated [26] by

Tm ~ 8N(Eg)/kpI* DG, (1)

where N(EF) is the conduction electron density of states at

the Fermi level, kg is the Boltzman constant, I and J are an
exchange interaction parameter and the total angular
momentum quantum number of the rare-earth ion, DG =
(g7 — 1)2J(J + 1) is the de Gennes factor and ¢, is the
Lande ¢ factor. The CW temperature ©,,, derived from the
polycrystalline average should scale with the de Gennes
factor since it is also proportional to indirect interactions
with local moments. Fig. 9 shows that though magnetic
ordering temperatures 7N and |@,.| secem to roughly
increase with the de Gennes factor in the RCoGas (R =
Tb—Tm) series, quite significant deviations are possible.
Degree of deviations from line connecting DG = 0 point
and magnetic ordering and CW temperatures of hypothe-
tical GdColns could further clarify this issue. Compounds
with small values of the de Gennes factor do not order
above 1.7K. The determination of crystal field effects,
carrier density and neutron diffraction measurements
would certainly advance our understanding of magnetic
interactions in this series.

The easy axis of magnetization in the paramagnetic state
is c-axis in both PrColns and NdColns as well as for
RCoGas (R = Tb—Ho). This is reversed for R = Er and
Tm, where the susceptibility is greater for fields applied in
the tetragonal plane. The magnetic anisotropy arises from
anisotropic exchange and CEF splitting of the Hund’s rule
multiplet due to the anisotropic coordination. The latter
effect can be accounted for by a spin Hamiltonian, which
for tetragonal point group symmetry takes the following
form [27]:

H = B)O) + Bj04 + Bj0; + B3Og + B3O ©)

Here B)' are the Stevens coefficients that parametrize the
anisotropy and O] are Stevens operators. At high
temperatures the Bg term [28,29] can be the dominant
term in the spin Hamiltonian with a larger effect on the
uniform susceptibility than the exchange constant. In the

40 T T T T T T T T T T T T
°
a0l ErCoGa, .. 5
° 5
= '//6
o
£ L
2@ o 7
o 20 e] 4
S ® .5
‘E’ G
T
10 |- -
O L 1 L 1 L 1 L 1 L 1 L 1 L
0 50 100 150 200 250 300 350
T(K)

Fig. 9. Temperature-dependent inverse susceptibility H/M of ErCoGas
in an applied field of 1 kOe for H||a-axis (o) and H||c-axis (). Dashed line
shows polycrystalline average.
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Fig. 10. Temperature-dependent inverse susceptibility H/M of TmCoGas T(K)

in an applied field of 1 kOe for H||a-axis () and H ||c-axis (). Solid line
shows polycrystalline average.

0 e oM A~ R
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Fig. 11. Magnetization isotherms for RCoGas compounds (R = Tb—Tm)
at 1.7K.

point charge model Bg = (r2)Ag<x 7, Where the expectation
value of r? of 4f electron is always positive, oy is a rare-
earth-dependent multiplicative factor and Ag is a geome-
trical factor which is constant in the series. Thus, the sign
of Bg depends exclusively on o; whose values are listed in
Table 1. The change in sign of this quantity shows that
qualitatively the variation in anisotropy across the series is
accounted for by the point charge model [30]. Specifically,
for all RColns and RCoGas compounds that we examined.
Negative values of oy correspond to easy plane behavior
while positive values are associated with easy axis
anisotropy. The change in the easy axis of magnetization
between HoCoGas and ErCoGas thus appears to be a
consequence of the sign change of o, (Figs. 10-12).

Fig. 12. The electrical resistivity of RCoGas single crystals (R = Tb—Tm)
for currents flowing parallel to a-axis of tetragonal HoCoGas structure.
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Fig. 13. Magnetic ordering temperatures and dependence of Curie—Weiss
paramagnetic temperature ®,,. on the de Gennes factor.

6. Summary

We have successfully synthesized single crystals of the
RColns (R =Pr,Nd) and the RCoGas (R = Tb—Tm)
series of rare-earth compounds and delineated their basic
structural, magnetic and electronic transport properties.
All compounds are metallic paramagnets or antiferro-
magnets, in some cases with rather anisotropic magnetism,
which is most likely due to CEF splitting of the Hund’s rule
ground state multiplet. The RKKY model can account for
the variation of the exchange interaction strength and
ordering temperatures across the RCoGas series for large
values of the de Gennes factor (Fig 13). While the CW
temperature extracted from susceptibility measurements
along the c-direction is consistently positive for the RColn;
series, it changes sign through the RCoGas series. This
contrasts with the negative (antiferromagnetic) value of the
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CW temperature for fields in the basal plane and invites
further work to understand the anisotropic magnetism of
these high-quality metals.
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